Atrial septal defect (ASD) is an incomplete septation of atria in human heart causing circulatory problems. Its frequency is estimated at one per 10 000. Actions of numerous genes have been linked to heart development. However, no single gene defect causing ASD has yet been identified. Incomplete heart septation similar to ASD was reported in transgenic mice with both inactive alleles of gene encoding mammalian zinc metalloprotease a mammalian tolloid-like 1 (tll1). Here, we have screened 19 ASD patients and 15 healthy age-matched individuals for mutations in TLL1 gene. All 22 exons were analyzed exon by exon for heteroduplex formation. Subsequently, DNA fragments forming heteroduplexes were sequenced. In four nonrelated patients, three missense mutations in coding sequence, and one single base change in the 5 0 UTR have been detected. Two mutations (Met182Leu, and Ala238Val) were detected in ASD patients with the same clinical phenotype. As the second mutation locates immediately upstream of the catalytic zinc-binding signature, it might change the enzyme substrate specificity. The third change, Leu627Val in the CUB3 domain, has been found in an ASD patient with interatrial septum aneurysm in addition to ASD. The CUB3 domain is important for substrate-specific recognition. In the remaining 15 patients as well as in 15 reference samples numerous base substitutions, deletions, and insertions have been detected, but no mutations changing the coding sequence have been found. Lack of mutations in relation to ASD of these patients could possibly be because of genetic heterogeneity of the syndrome.
Introduction
Congenital heart defects in general are related to aberrant development of the circulation system in a fetus. The defects might result either from factors damaging the fetus during development or they can be of genetic background. Some environmental factors, drugs, alcohol abuse, and infections contracted by the mother before, or during pregnancy (eg, rubella) may alter heart development. 1 -6 However, environmental and maternal factors have been linked to approximately 2% of congenital heart defects. 7 In a significant number of heart abnormalities coexistence of a few anomalies has been shown in different parts of the circulation system indicating genetic factors. 1, 8 Chromosomal anomalies and single gene defects, however, could be attributed to the background of 8% of congenital heart defects. 7,9 -11 Thus, the background of most of the congenital heart defects is still poorly understood.
The heart itself and septation of the large vessels begin at the fourth week of fetal development, but the process is not completed until shortly after birth. Septation anomalies are linked to abnormal development of endocardial cushions. They are necessary for completeness of interatrial as well as interventrical septa. Incomplete interatrial septum is a common feature of such genetic disorders as Noonan, Turner, and Holt-Oram syndromes. 10 -12 The condition studied here is called atrial septal defect (ASD) and has some features common with the other just listed heart-related syndromes. Currently, the defects related to ASD are corrected during puberty. However, in the past, when it was untreated, the patients often suffered from numerous severe cardiovascular and pulmonary complications.
In recent years, results of research with the use of transgenic mice models revealed that a gene named tolloid-like 1 (tll1) is critical for septa development in the mouse heart. 13 The mice lacking active TLL1 died at midgestation because of severe blood circulation failure. The tll1 gene product is a metalloprotease with domain structure identical to one of the alternatively spliced variants of the bmp-1 gene product, mammalian tolloid (mTLD). The mTLD was detected in mammals and some other invertebrates. 14 -18 The homologous protein BMP-1 was originally reported by Wozney et al 19 in a context of ectopic bone formation in rats when protein extracts from demineralized bovine bones were used. 20 Subsequently, based on protein domain structure it was classified in the family of astacin, a group of metalloproteases involved in embryo development of different species. 17,21 -23 It is also commonly accepted that BMP-1 is important for numerous physiological activities acting in seemingly unrelated processes, such as extracellular matrix quality control involving formation and activation of numerous factors that act in the regulation of different genetic programs. 17 -21,23 -32 An investigation of different mouse model with ventrical spetum defect (VSD) but with active tll1 gene indicated that a different mechanism must be involved, possibly related to abnormal cell proliferation and differentiation. 33, 34 Developmental defects of tll1 À/À embryos seemed to be exclusively restricted to the heart. 13 The comparison of the defects with expression of the tll1 revealed, in normal mice embryo, its elevated expression levels during heart septation. Thus, it is possible that the expression of TLL1 in humans could also be critical for correct heart positioning and its proper septation. Here, we have tested 19 adult individuals with clinically confirmed ASD by karyotyping and screening of the TLL1 gene for mutations by heteroduplex detection followed by DNA sequencing. Finally, 19 individuals agreed to participate in the study and they all have been surveyed for medical and family health history. On the basis of the survey's results and medical records they were divided into three groups ( Table 1) .
Materials and methods

Patients
As a reference, blood samples from 15 age-matching volunteers (11 females and 4 males) were used to isolate DNA for genetic analyses. None of the volunteers have had inherited developmental heart conditions.
Samples collection and handling
From each patient two blood samples were drawn. One 3 ml sample was mixed with heparin and used for cytogenetic diagnosis to exclude possible chromosomal anomalies. The methods for lymphocytes isolation and preparation for karyotyping were the classical methods described before. 35, 36 Slides were examined with a Zeiss Axioskop microscope. Images were obtained using a Sony ExwaveHAD digital camera and MultiScanBase software (Computer Scanning System Ltd., PL) with the karyotype option, enabling manual karyotyping. For each patient, a total of 15 metaphases in each of five prepared karyograms were examined to determine the number of chromosomes. The second sample of blood (5.0 ml) was mixed with EDTA and used for the isolation of genomic DNA.
PCR conditions
The DNA for mutation detection was isolated with the use of commercial blood mini-kit (A&A Biotechnology, Gdansk, Poland) according to supplier instructions. The quality of purified genomic DNA was verified by spectrometry at A 260/280 and agarose gel electrophoresis.
Fragments of the TLL1 gene were amplified using pairs of primers designed to complement intronic sequences flanking coding sequences ( Table 2 ). The conditions for amplification PCR were as follows: step (1) denaturation at 951C for 4 min, step (2) denaturation at 951C for 30 s, step (3) annealing at the appropriate primer pair melting temperature (T m ) (for details see Table 2 ) for 30 s, step (4) elongation at 721C for 1 min per each 1250 bp of the amplified DNA fragment. The procedure was repeated 34 times from steps (2) to (4) . Following the last annealing, the elongation time at 721C was extended up to 7 min. The PCR products were purified using method provided in the sequencing manual by Applied Biosystems. The DNA concentration was determined spectrophotometrically at A 260 . The reference DNA was isolated from the blood of healthy individuals. The DNA reference fragments were obtained with the corresponding primers under the conditions used for patients' samples and subjected to heteroduplex analysis and DNA sequencing, when necessary except for the exons with mutations detected in patients that were sequenced entirely.
Heteroduplex formation and analysis
Equal amounts (200 ng) of each, the reference and corresponding patients' DNA fragments, in 4 ml were mixed in the final volume of 10 ml supplemented with one-tenth volume of 0.5 M KCl, and nuclease-free water when needed. The samples were handled according to the protocols recommended by the Transgenomic Inc., as follows: melting of the DNA at 951C for 2 min and then cooling the mixture from 95 to 851C at the rate 2.01C per second and from 85 to 251C at the rate 0.51C per second. Subsequently, the mixture was subjected to the enzymic assay using Surveyor kit (Transgenomic Inc.). Briefly, the 400 ng of hybridized DNA in the volume 4 -15 ml was mixed with 0.5 ml of Surveyor Nuclease S and 0.5 ml Surveyor Enhancer, and water, when needed, and incubated at 421C for 40 min. The cleavage was terminated by mixing the sample with one-tenth volume of the Stop Solution supplied by the manufacturer in the assay kit. To analyze the Surveyor Nuclease S digestion products by agarose gel electrophoresis one-sixth volume of a 6X loading dye buffer (10 mM Tris -HCl (pH 8.0), 10 mM EDTA (pH 8.0), 50% (w/v) sucrose, 0.15% (w/v) bromophenol blue) was added to each sample. For each digestion/loading dye mixture, the entire volume of sample was loaded onto an agarose gel of an appropriate percentage (1.5 -1.7%) and separated electrophoretically. The mixture of l DNA cleaved with HindIII and fX cleaved with HaeIII (Finnzymes) was used as the DNA length marker. The gels were developed at 5 V/cm until the bromophenol blue had reached two-thirds of the length of the gel. To visualize the bands, an illumination of the gel using a UV transilluminator (250 -300 nm) was performed and the pictures were taken.
DNA sequencing
Samples revealing heteroduplex formation with the corresponding fragment of reference DNA were subjected to Mutations in TLL1 causing ASD P Stań czak et al
Results
As no chromosomal anomalies were detected by G-banding karyotype analysis in any of the ASD patients, further analyses focused on heteroduplex detection and subsequent DNA sequencing.
Heteroduplex formation frequency
All amplified PCR fragments were subjected to the DNA heteroduplex formation analysis. In two fragments containing exons 3 and 11, no heteroduplex formation was detected in any of the ASD individuals as well as in all 15 reference samples. In all patients, mismatches were detected in gene fragments containing exons 1, 5, 12, 14, 19, and 20. The DNA fragments containing exons 2, 4, 6 -10, 13, 15 -18, 21, and 22 revealed various changes regarding the number of formed heteroduplexes as well as the number of mismatches in a single fragment. However, in 122 (34%) heteroduplexes found in patients, as well as in all heteroduplexes detected in reference samples, their sequencing excluded mismatches, indicating that the heteroduplex detection method also generated false-positive results. The remaining 66% of the heteroduplexes detected in patients resulted from changes located mostly in the intronic sequences. Some changes were located within the distance of 50 bp from the putative RNA splicing sites. Finally, 30 changes in the introns were confirmed by sequencing. They were substitutions: A to G (13), G to A (14), T to G (1), A to T (1), and C to T (1). The remaining changes detected in the heteroduplexes could not be verified by sequencing, as they were probably located in regions out of readable sequences.
Potential polymorphic changes in ASD patients
In the DNA gene fragment containing the exon 19 in six patients from group 1, in three patients from group 2, and in two patients from group 3 as well as in control sample, a polymorphic change A to G at the position 218 697 was detected. Another polymorphic change of T to C at position 218 734 of the same fragment was found in four patients from group 1, in three individuals from group 2, in three patients from group 3, and in the control sample. In addition, a polymorphic change in two patients, one from group 1 and the other one from group 2 as well as in the reference sample was identified at the position 218 441 (T to A). There was also a single base deletion (T del. 218 443) in four patients from group 1, in two individuals from group 2, and in two patients from group 3. Double-base insertion (TA ins. 218 328 -9) has been detected in four patients from group 1, in two patients from group 2, and in two patients from group 3.
Mutations changing sense of codons
In all examined exons 4 changes detected by heteroduplex analysis were confirmed by DNA sequencing (Figure 1 ).
The DNA fragment containing the exon 1 (305 -1625) from one patient from group 2 revealed one mismatch (G/T) in the 5 0 UTR at position 779 ( Figure 1a ). The change, however, is not located within the Kozak consensus sequence and it was earlier annotated as SNP (GenBank -AC097502.3.1.168254).
In the fragment containing exon 5, a heterozygous base substitution A:C at position 122 433 (Figure 1b) (1191 in the cDNA; NM_012464) changing a codon for Met to codon for Leu at position 182 was detected. Another mutation was detected in the fragment containing exon 6 in one patient from group 2. It was a change from T to C at position 130 814 changing valine 238 to alanine (Figure 1c) . The last change detected during study reported here was a mutation in the gene fragment covering exon 15 in one patient from group 2 at position 187 409 (2532 in cDNA; NM_012464) changing A to G and resulting in a codon 629 for isoleucine being substituted to codon for valine ( Figure 1d ).
Discussion
Recently, numerous reports described mutations at the level of single genes, including NKX 2.5 and GATA4 in relation to heart developmental anomalies. 38 Therefore, the lack of structural and numerical chromosomal abnormalities observed here is not surprising. Lack of mutations in exons 3 and 11 indicates that the structural parts of the protein encoded by these exons must be vital for the development. Indeed, the exon 3 encodes amino acids building central portion of the latency propeptide. Thus, we postulate that any change in this part of the peptide could alter the structure by the mean of its miss folding, which in turn could lead to serious problems in specific activation of the enzyme by putative furins.
14 Retention of the latency peptide would be a reason for the lack of activity of TLL1. The exon 11 encodes amino acids 421 -460 being a part of the CUB1 domain. For proteinases homologous to TLL1, such as mTld and BMP-1, it has been shown that the CUB1 domain is critical for their secretion from the cells. 39, 40 Lack of this domain or shuffling it into a different part of the recombinant protein led to the retention of such an aberrant product in the cytoplasm. 39 Therefore, it is possible that mutations in the exon 11 would cause a complete lack or at least poor secretion of TLL1 in a human and to a natural abortion of the embryo because of the developmental abnormalities as has been reported for transgenic mice null for tll1.
13
The mutation in codon at position 182 may affect conversion of the zymogen to the active enzyme. The methionine 182 is the first residue in the catalytic domain, which is conserved among all the astacins including maprins a and b (Figure 2a) . It is also the first amino acid in the sequence with positions conserved for two cysteines
in all known members of the astacin family (Figure 2a) . Therefore, mutation of the hydrophobic residue such as Met182 to an aliphatic Leu residue, which occupies place in the first a helix of the catalytic domain 41 might have a consequence in altering the structure of catalytic domain and affect the activity of TLL1 on its native substrate, chordin. Another mutation caused a change of residue at position 238, which is located within the catalytic domain, just before the zinc-binding signature (Figure 2b ). The structure of this region is critical for substrate accommodation of the catalytic cleft. This cleft in all tolloids is deeper than the cleft in astacin. 42, 43 A deeper cleft limits substrates that may fit into the active center of the enzyme to hydrolyze the specific peptide bound. 42, 43 The conserved two residues preceding the zinc-binding signature in proteases classified in astacin family are always isoleucine or valine at first position and isoleucine, alanine, valine, glutamic acid or aspartic acid at second position. In other metzincins, such as MMPs, the two corresponding residues located immediately upstream of the zinc-binding signature are alanines. Substitution of the two Ile residues in astacin and mTld by valine and alanine in both TLLs might be related to change in substrate specificity of these metalloproteases. Except for MMPs the alanine is always present in the second position after the valine. In MMPs that have a broad spectrum of substrates, the two alanines, that are less bulky than valines, do not interfere with the accommodation of various substrates in the cleft of the active center. Thus, the change in the substrate specificity of TLL1 resulting from substitution of the bulkier valine by smaller alanine could allow competition for the binding of nonspecific substrates to the catalytic cleft. This, in turn, could result in lower enzymic efficacy of the mutated TLL1 in the regulation of heart septation during embryonic and fetal development, which would finally lead to the permanent ASD condition. The CUB3 domain is the only domain present in all BMP-1 gene products as well as in both TLLs. A comparison of the sequence flanking the mutated residue in TLL1 shows almost complete conservation of the motif GX(I/L)T(S/T)PGWPKEYPNK (Figure 2c ). This signature is also highly conserved among CUB2, 3, and 4 domains in mTld and TLLs with Ile preserved in all the CUBs except in CUB4 of TLL2. Such conservation indicates for functional importance of the peptide in the protein structure. The significance of the change in CUB3 of Val for Ile needs to be verified by obtaining such mutated enzyme and assaying its substrate specificity. Earlier reports indicated that intact structure consisting of CUB3 with both flanking EGF-like motifs are required in mTld for maintaining its activity on specific substrate. 39, 40 The analysis of the TLL1 is, at present, time and labor consuming. The gene consists of 231 784 bp divided into 22 exons. The cDNA is 6654 bp long but the ORF consists only 3042 bp and it encodes a polypeptide of 1013 amino acids long. The 5 0 upstream sequence of 647 bp is a large 5 0 UTR with four methionine codons of an unclear function. The STOP codon is followed by a 230 bp sequence reach in A and T stretches. Most of the coding sequence of this gene is enclosed in two large exons, E1 (816 bp) and E21/22 (3100 bp). The remaining sequence of 2738 bp is divided into 19 short exons of similar length. There is also a large intron 1, covering more than half of the gene sequence (116 123 bp). Its role has yet to be clarified.
Our observations also require, further epidemiological studies on larger and clinically more uniform group of ASD patients to determine the population frequency of mutations in TLL1 gene. The reason that we did not detect defects in all our ASD patients could be explained by the fact that some patients might have mutations in different genes known to be involved in heart development. In addition, familial cases of ASD with TLL1 mutations are yet to be detected in larger population studies that already have begun.
Finally, we have encountered serious problems in obtaining good quality DNA sequence data from the first half of exon 1 and from the large 3 0 region of exon 21/22. Thus, it is still possible that in some patients there could be mutations resulting in frame shift and/or nonsense codon mutations. In addition, the promoter and other regulatory regions that we did not sequence in this study could contain mutations affecting gene expression levels. However, here, we have shown for the first time that mutations in TLL1 are linked to the same human syndrome, which was originally generated in transgenic animals by knocking out the gene. 13 Thus, our results indicate that in some patients with ASD, the genetic causes of the syndrome are heterozygous mutations in TLL1.
